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Water transport in plants occurs under tension, which renders the xylem susceptible to air entry. This air seeding may lead to the rupture of water columns (cavitation) such that the air expands within conduits to create air-vapor embolisms that block further transport. (Zimmermann and Tyree, 2002) . Excessive embolism such as that which occurs during a drought may jeopardize leaf hydration and lead to stomatal closure, overheating, wilting, and possibly death of the plant (Hubbard et al., 2001; Choat et al., 2012; Schymanski et al., 2013) . Consequently, strong selection pressure resulted in compartmentalized and redundant plant vascular networks that are adapted to a species habitat water availability by way of life history strategy (i.e. phenology) or resistance to air seeding (Tyree et al., 1994; Mencuccini et al., 2010; Brodersen et al., 2012) . The spread of drought-induced embolism is limited primarily by pit membranes, which are permeable, mesh-like regions in the primary cell wall that connect two adjacent conduits. The construction of the pit membrane is such that water easily moves across the membrane between conduits, but because of the small membrane pore size and the presence of a surface coating on the membrane (Pesacreta et al., 2005; Lee et al., 2012) , the spread of air and gas bubbles is restricted up to a certain pressure threshold known as the air-seeding pressure (ASP). When xylem sap tension exceeds the air-seeding threshold, air can be aspirated from an air-filled conduit into a functional water-filled conduit through perhaps a large, preexisting pore or one that is created by tension-induced membrane stress (Rockwell et al., 2014) . Air seeding leads to cavitation and embolism formation, with emboli potentially propagating throughout the xylem network (Tyree and Sperry, 1988; Brodersen et al., 2013) . So, on the one hand, pit membranes are critical to controlling the spread of air throughout the vascular network, while on the other hand, they must facilitate the efficient flow of water between conduits (Choat et al., 2008; Domec et al., 2008; Pittermann et al., 2010; Schulte, 2012) . Much is known about such hydraulic tradeoffs in the pit membranes of woody plants, but comparatively little data exist on seedless vascular plants such as ferns and lycophytes. Given that seedless vascular plants may bridge the evolutionary transition from bryophytes to woody plants, the lack of functional data on pit membrane structure in early-derived tracheophytes is a major gap in our understanding of the evolution of plant water transport.
In woody plants, pit membranes fall into one of two categories: the torus-margo type found in most gymnosperms and the homogenous pit membrane characteristic of angiosperms (Choat et al., 2008; Choat and Pittermann, 2009) . In conifers, water moves from one tracheid to another through the margo region of the membrane, with the torus sealing the pit aperture should one conduit become embolized. Air seeding occurs when water potential in the functional conduit drops low enough to dislodge the torus from its sealing position, letting air pass through the pit aperture into the waterfilled tracheid (Domec et al., 2006; Delzon et al., 2010; Pittermann et al., 2010; Schulte, 2012 ; but see Jansen et al., 2012) . Across north-temperate conifer species, larger pit apertures correlate with lower pit resistance to water flow (r pit ; MPa s m
21
), but it is the ratio of torusaperture overlap that sets a species cavitation resistance (Pittermann et al., , 2010 Domec et al., 2008; Hacke and Jansen, 2009) . A similar though mechanistically different tradeoff exists in angiosperm pit membranes. Here, air seeding reflects a probabilistic relationship between membrane porosity and the total area of pit membranes present in the vessel walls. Specifically, the likelihood of air aspirating into a functional conduit is determined by the combination of xylem water potential and the diameter of the largest pore and/or the weakest zone in the cellulose matrix in the vessel's array of pit membranes Hacke et al., 2006; Christman et al., 2009; Rockwell et al., 2014) . As it has come to be known, the rare-pit hypothesis suggests that the infrequent, large-diameter leaky pore giving rise to that rare pit reflects some combination of pit membrane traits such as variation in conduit membrane area (large or small), membrane properties (tight or porous), and hydrogel membrane chemistry (Hargrave et al., 1994; Choat et al., 2003; Wheeler et al., 2005; Hacke et al., 2006; Christman et al., 2009; Lee et al., 2012; Plavcová et al., 2013; Rockwell et al., 2014) . The maximum pore size is critical because, per the YoungLaplace law, the larger the radius of curvature, the lower the air-water pressure difference under which the contained meniscus will fail (Jarbeau et al., 1995; Choat et al., 2003; Jansen et al., 2009 ). Consequently, angiosperms adapted to drier habitats may exhibit thicker, denser, smaller, and less abundant pit membranes than plants occupying regions with higher water availability Hacke et al., 2007; Jansen et al., 2009; Lens et al., 2011; Scholz et al., 2013) . However, despite these qualitative observations, there is no evidence that increased cavitation resistance arrives at the cost of higher r pit . Indeed, the bulk of the data suggest that prevailing pit membrane porosity is decoupled from the presence of the single largest pore that allows air seeding to occur (Choat et al., 2003; Wheeler et al., 2005 Hacke et al., 2006 .
As water moves from one conduit to another, pit membranes offer considerable hydraulic resistance throughout the xylem network. On average, r pit contributes 64% and 56% to transport resistance in conifers and angiosperms, respectively Pittermann et al., 2006; Sperry et al., 2006) . In conifers, the average r pit is estimated at 6 6 1 MPa s m 21 , almost 60 times lower than the 336 6 81 MPa s m 21 computed for angiosperms Hacke et al., 2006; Sperry et al., 2006) . Presumably, the high porosity of conifer pits compensates for the higher transport resistance offered by a vascular system composed of narrow, short, single-celled conduits (Pittermann et al., 2005; Sperry et al., 2006) . Transport in seedless vascular plants presents an interesting conundrum because, with the exception of a handful of species, their primary xylem is composed of tracheids, the walls of which are occupied by homogenous pit membranes (Gibson et al., 1985; Carlquist and Schneider, 2001, 2007 ; but see Morrow and Dute, 1998 , for torus-margo membranes in Botrychium spp.). At first pass, this combination of traits appears hydraulically maladaptive, but several studies have shown that ferns can exhibit transport capacities that are on par with more recently evolved plants Watkins et al., 2010; Pittermann et al., 2011 Pittermann et al., , 2013 Brodersen et al., 2012) . Certainly, several taxa possess large-diameter, highly overlapping conduits, some even have vessels such as Pteridium aquilinum and many species have high conduit density, all of which could contribute to increased hydraulic efficiency Pittermann et al., 2011 Pittermann et al., , 2013 . But how do the pit membranes of seedless vascular plants compare? Scanning electron micrographs of fern and lycopod xylem conduits suggest that they are thin, diaphanous, and susceptible to damage during specimen preparation (Carlquist and Schneider 2001, 2007) . Consistent with such observations, two estimates of r pit imply that r pit in ferns may be significantly lower than in angiosperms; Wheeler et al. (2005) (Hacke et al., 2007) . Given that xylem in seedless vascular plants is functionally similar to that in vesselless angiosperms, we expected convergent r pit values in these two groups despite their phylogenetic distance. We tested this hypothesis, as well as the intrinsic cavitation resistance of conduits in seedless vascular plants, by scrutinizing the pit membranes of ferns and fern allies using the anatomical and experimental approaches applied previously to woody taxa. In particular, we focused on the relationship between pit membrane traits and cavitation resistance at the level of the individual conduit.
RESULTS
Large-diameter conduits, whether conifer tracheids or angiosperm vessels, are typically more vulnerable to cavitation than smaller ones (Hargrave et al., 1994; Cai and Tyree, 2010; Christman et al., 2011) , so we looked for this trend across our assortment of ferns and fern allies (Table I ) using a combination of anatomy and conduit air injection to test for air-seeding thresholds (Choat et al., 2005) . For the latter approach, a glass capillary was inserted into a conduit in a cut segment of the stipe (analogous to the petiole on a leaf), submerged in water, and progressively pressurized until air bubbled out the opposite end of the segment, indicating gas penetration through the largest pore in a pit membrane, that is the ASP (see "Materials and Methods"; Choat et al., 2006) . The capillary method thus offers a proxy measurement for the negative pressure (i.e. hydrostatic tension) plants generate through transpiration and drought stress. ASPs were observed to vary from 0.8 6 0.15 MPa (mean 6 SD) in Athyrium filix-femina, a delicate, understory hydric species, to 4.9 6 0.94 MPa in Psilotum nudum, an earlyderived epiphytic fern. The ASP averaged 2.64 6 1.18 MPa across the 12 species of seedless vascular plants sampled (Fig. 1) . Interestingly, early-diverging taxa including P. nudum, Selaginella pallescens, and Huperzia squarrosa exhibited the highest ASPs, averaging 4.3 6 0.53 MPa. If we exclude the vessel-bearing Pteridium aquilinum, an increase in conduit diameter from 30 to 60 mm was associated with a 5-fold drop in ASPs ( Fig. 1 ; r 2 = 0.38). In general, species with small-diameter tracheids were more resistant to membrane pore failure under increasing positive pressure in the conduit lumen. Upon closer inspection, lower ASPs were associated with higher pit area per conduit wall ( Fig. 2A ; r 2 = 0.47), with P. aquilinum emerging again as an outlier. Similar trends were observed between the area of a single pit aperture and ASP ( Fig. 2B ; r 2 = 0.41). So altogether, these results imply that pit area is coupled to cavitation resistance in the xylem of seedless vascular plants in a manner that is functionally similar to angiosperms. Differences in species pit attributes could be readily visualized on macerated tracheids photographed under 4003 (Fig. 3) .
The rare-pit hypothesis of conduit air seeding is predicated on a probabilistic relationship between pit area and the presence of the large, rare pit membrane pore that facilitates air entry. It has been shown in several Acer species that, all else being equal, lower ASPs are required to push air through shorter stem segments than longer ones (Christman et al., 2009) . This is because xylem in the longer stems is composed of a greater number of conduits per file and thus has a higher number of end walls that mask the effect of rare leaky pits (Choat and Pittermann, 2009; Christman et al., 2009 ). We observed no relationship between tracheid length and ASPs as well as no significant segment length effect in three ferns, where ASPs were equivalent across stipe segments ranging from 1 to 10 cm in length (P = 0.339, 0.388, and 0.961 for Adiantum capillus-veneris, Polypodium aureum, and Woodwardia fimbriata, respectively; Supplemental Figs. S1 and S2). This indicates that the distribution of large pores is very consistent between files of tracheids and that air seeding may be influenced by the presence of a large pore within the pit membrane of any one conduit.
Maximum pit membrane pore diameter (D) was predicted from the ASPs with the Young-Laplace equation:
where P is the ASP, T is the surface tension of water, and a is the contact angle between the membrane microfibrils (assumed to be 0°). Maximum pore diameter Figure 1 . The relationship between mean conduit diameter and mean ASP in 10 species of ferns (gray circles) and two fern allies (white circles). Species with large-diameter tracheids were less resistant to increasing lumen air pressure. Error bars indicate SD; r 2 = 0.41 excluding P. aquilinum (Pa). For species symbols, see Table I .
was found to correlate with the area of the pit aperture ( Fig. 4 ; r 2 = 0.67). Again, the two fern allies and P. nudum were tightly grouped at the low end of the range, and A. filix-femina had both the largest pit aperture area and the highest predicted pore size.
Given the close association between a species' pit membrane traits and ASPs, we endeavored to examine the pit membranes of select ferns and fern allies using transmission electron microscopy (Fig. 5) . The micrographs reveal their pit membranes to vary with respect to density and thickness, but in general, we observed that membrane thickness ranges from 0.22 mm in A. filixfemina to 0.57 mm in P. aquilinum. Species with low ASPs such as A. filix-femina, Stenochlaena palustris, and Platycerium bifurcatum had the thinnest membranes, but beyond 2 MPa, the relationship between ASP and pit membrane thickness was invariable (Fig. 6 ). Interestingly, P. aquilinum had the thickest pit membranes of all the sampled taxa, despite an intermediate ASP of 2.96 MPa. We suspect that this species' low ASP arises from its unusually high pit membrane area due to the presence of vessels ( Fig. 2 ; see "Discussion").
Lastly, we estimated the area-based r pit according to methods described by Wheeler et al. (2005) and Hacke et al. (2007) , whereby lumen and pit membrane resistivities were partitioned from the total measured hydraulic resistivity on the basis of conduit anatomical traits, including lumen diameter, conduit length, and pit area (see "Materials and Methods"). Despite the variation in r pit values, we observed a trend toward increasing r pit with increasing ASP, with the r pit of A. filixfemina being at the low end of the spectrum at 3.88 6 3.25 MPa s m
21
, while r pit in P. nudum was estimated at 81.03 6 32 MPa s m
, consistent with an ASP of 4.89 MPa (Fig. 7A ). Again, P. aquilinum was unusual, showing the highest estimated r pit of 282.9 6 129.5 MPa s m
, a result possibly consistent with the thick pit membranes observed in this species (Fig. 6) .
Taken together, the mean r pit of our sampled seedless vascular plants was estimated at 54.6 MPa s m
, contributing on average 51% to transport resistance. This r pit value drops slightly to 49.5 MPa s m 21 if data from Schulte et al. (1987) and Wheeler et al. (2005) are included. When compared across all tracheophytes, the pit membranes of seedless vascular plants have the second-highest r pit after angiosperms, while the homogenous pit membranes of vesselless angiosperms and the torus-margo pits of conifers offer the lowest resistance to water flow (Fig.  7B) . These results, along with those related to pit area and air seeding, imply that the structure and function of seedless vascular plant pit membranes resemble those of angiosperm pit membranes, despite the phylogenetic distance between these groups.
DISCUSSION
Our data suggest that at the conduit level, cavitation resistance in seedless vascular plants is governed by the same principles as it is in the vessels of angiosperms. According to the rare-pit hypothesis, the probability of a developmental or stress-induced flaw resulting in a large, weak membrane pore increases with pit area and, thereby, conduit size Hacke et al., 2006 Hacke et al., , 2007 Christman et al., 2009; Rockwell et al., 2014) . Interestingly, ASPs across ferns and fern allies increase in smaller conduits, a trend that is related to smaller overall pit area as well as the area of a single pit aperture ( Figs. 1 and 2) . Hence, the rare-pit mechanism appears to operate in seedless vascular plants in a manner that is similar to that in angiosperms, probably because both groups employ homogenous pit membranes.
Among all the seedless vascular plants in this study, the geometry of the pits in the tracheid walls appeared to be more important in cavitation resistance than in any other measured trait. The strongest relationship we observed Figure 2 . The relationship between mean conduit pit area (one wall; A), pit aperture area (B), and mean ASP for 10 fern species (gray circles) and two fern allies (white circles). Species with larger pit areas and pit aperture areas were less resistant to increasing lumen air pressure. Error bars indicate SD; r 2 = 0.74 in A and 0.47 in B, both excluding P. aquilinum (Pa). For species symbols, see Table I .
that helps explain the patterns in ASP across the 12 seedless vascular plants was pit aperture area (r 2 = 0.74), suggesting that when more pit membrane area is exposed to the tracheid lumen, species become less resistant to air seeding. The most extreme example was A. filix-femina, which had large pit apertures and the highest ASP ( Figs.  2A and 3B ). In contrast, P. nudum had the smallest pit apertures and the lowest air-seeding threshold ( Figs. 2A  and 3A ). While we did not consider other pit chamber characteristics in this study, previous work has shown that pit chamber depth appears to be related to air seeding in both conifers and some angiosperms and is likely related to the deflection distance and stretching of the pit membrane during an air-seeding event (Hacke and Jansen, 2009; Pittermann et al., 2010; Lens et al., 2011) .
Despite the general trends between pit area and ASP, our data indicate that cavitation resistance can be acquired in a number of ways (Lens et al., 2011) . Indeed, while pit area explained much of the variation in air seeding, the relationship between pit membrane thickness and ASP was less clear, despite the similarity in membrane thickness in both ferns and angiosperms ( Fig. 6 ; Jansen et al., 2009; Lens et al., 2011) . For example, only A. filix-femina and S. palustris, two species that are highly vulnerable to air seeding, showed conspicuously thinner pit membranes in comparison with the other taxa (Fig. 6) . Beyond 2 MPa, however, membrane thickness was invariable across a range of ASPs, indicating that membrane area controls resistance to air seeding at higher pressures. Similar variation has been reported in angiosperm pit membranes, in which thickness and porosity are interrelated traits. While Hacke et al. (2006) and Wheeler et al. (2005) found no relationship between r pit and cavitation resistance, the studies that examined membrane porosity directly with scanning and transmission electron microscopy suggest the opposite: thin, porous, and presumably low-resistance membranes were more vulnerable to air seeding than thicker ones Lens et al., 2011) . Xylem perfusion studies using solutions with variously sized particles both support (Jarbeau et al., 1995) and question (Choat et al., 2003) the relationship between membrane porosity and cavitation resistance, and the issue is even more obfuscated in primary xylem, in which abundant pit area may combine with porous membranes (Choat et al., 2005) . Unless improvements in microscopy methods allow us to measure porosity directly, per Jansen et al. (2009) , this trait may be intractable in the delicate, primary xylem of ferns and fern allies (Fig. 5; Carlquist and Schneider, 2001, 2007) . Table I .
Although positive correlations have been reported between conduit size and hydraulic efficiency in terrestrial ferns, the classic tradeoff between hydraulic efficiency and cavitation safety was not observed when the cavitation response of the stipe was examined using either axial air injection or the centrifuge method (Watkins et al., 2010; Pittermann et al., 2011) . However, our data show that this tradeoff convincingly exists at the level of the individual conduit (Fig. 1) . What explains the absence of a tradeoff in previous studies? We suspect that variation in vascular bundle arrangements, in combination with pit membrane traits, may in part affect the spread of embolism within the stipe (Pittermann et al., 2011; Brodersen et al., 2012) , as has been explored in angiosperms with the concept of the vessel grouping index and vascular sectoriality (Zanne et al., 2006; Schenk et al., 2008; Carlquist, 2009; Mencuccini et al., 2010; Lens et al., 2011; Martínez-Vilalta et al., 2012) . For example, fronds of the fast-growing P. aquilinum have vascular bundles that frequently bifurcate and fuse and are more vulnerable to embolism than species in which the bundles rarely come into contact, such as W. fimbriata (Brodersen et al., 2012) . Presumably, the spread of embolism is more contained in a segregated vascular arrangement, but at the cost of hydraulic efficiency. One can easily imagine that, within a species, hierarchical variation in pit membrane traits, conduit size, conduit packing, connectivity, and bundle arrangement contribute to a complex cavitation response within the stipe (Brodersen et al., 2012; Pittermann et al., 2013) . Since few species experience seasonal water potentials below 23 MPa (Watkins et al., 2010; Brodersen et al., 2012 ; E.E. Burns, J. Pittermann, and C.J. Rico, unpublished data) and entire fronds appear to be quite vulnerable to cavitation (Brodribb and Holbrook, 2004; McAdam and Brodribb, 2013) , the significance of the cavitation response in the stipe must also be carefully considered in the context of a species' life history strategy and microhabitat. Surprisingly, conduit function in the vessel-bearing P. aquilinum differed from that in other ferns in every measurable way. Our anatomical data imply that P. aquilinum should have been one of the most vulnerable species to air seeding, given its large-diameter vessels, high pit area, and large pit apertures. Yet, P. aquilinum showed air-seeding thresholds that exceeded 3 MPa despite the presence of anatomical attributes that are expected to yield air-seeding thresholds of 1 MPa or lower. We suspect that P. aquilinum's thick pit membranes are likely responsible for its high resistance to air seeding, as that trait stood out as one of the most striking features of this species compared with the other ferns. Membrane thickness may reflect greater microfibril density as well as a greater number of microfibril layers (Sperry and Hacke, 2004; Lee et al., 2012; Rockwell et al., 2014) . Jansen et al. (2009) demonstrated a correlation between thicker pit membranes and smaller pore size in angiosperms, so selection may have favored thicker pit membranes in P. aquilinum in order to confer a much higher cavitation resistance than would otherwise be possible given the interconnectivity of its vascular bundles, its frequent vessels, and high pit area (Carlquist and Schneider, 2007; Pittermann et al., 2011 Pittermann et al., , 2013 Brodersen et al., 2012) .
In light of P. aquilinum's vessels and distinctive pit membranes, it is interesting to consider the possibility that vessel evolution in ferns may have followed a parallel trajectory to vessel evolution in angiosperms, whereby the pit membranes in early-derived, tracheid-bearing angiosperm taxa show much higher porosity and lower r pit than pit membranes belonging to vessels of more recently evolved eudicots (Hacke et al., 2007) . In a case of convergent evolution, the development of thicker, less permeable, and more air seeding-resistant pit membranes in both angiosperms and P. aquilinum can be seen as an adaptation to reduce vulnerability to cavitation despite the higher pit area of vessels. Whether similar trends are observed in other putatively vessel-bearing ferns (Astrolepis, Marsilea, and Woodsia spp.) remains to be seen (Carlquist and Schneider, 2007) .
In the analysis of ASPs and area-based r pit , we observed no clear relationship between these attributes in the sampled pteridophyte taxa, but as in previous studies on angiosperms and conifers (Pittermann et al., 2005 Wheeler et al., 2005; Hacke et al., 2007) , our r pit estimates are indirect, highly variable, and thus subject to error (Fig. 7A) . Despite these caveats, our calculations encompass the range of published fern r pit values on P. nudum and P. aquilinum, at 1.99 and 31 MPa s m 21 , respectively (Schulte et al., 1987; Wheeler et al., 2005) , and yield some valuable insights. For example, the r pit of P. aquilinum is on par with values observed in many angiosperms and consistent with the thick membranes seen in this species (Figs. 5I and 6) . Similarly, the higher r pit values of H. squarrosa and P. nudum probably reflect their small pit apertures, evident in both light and transmission electron micrographs, and their generally high ASPs (Figs. 3 and 5, H and I) . Certainly in the conifers, smaller pit apertures account for a large fraction of r pit at increasingly lower water potentials and explain in part species' resistance to cavitation (Mayr et al., 2002; Burgess et al., 2006; Domec et al., 2008; Pittermann et al., 2010) . Across all the seedless vascular taxa sampled in this study, end walls contributed 51.25% 6 14.9% (mean 6 SD) to transport resistance, with lumen resistance accounting for the balance. When data from Schulte et al. (1987; 43%) and Wheeler et al. (2005; 50%) are included, this average is essentially unchanged at 51%, which is quite similar to the average 56% wall resistivity computed for angiosperms ; see also Gibson et al., 1985) . Lastly, when examined across all functional plant groups, the homogenous pit membranes of angiosperms exhibit the highest range of r pit values, with the pit membranes of seedless vascular plants ranking second, at a mean r pit of 49.5 MPa s m 21 (including data from Wheeler et al. [2005] and Schulte et al. [1987] ), and dropping to 11.81 MPa s m 21 if early-diverging seedless vascular plants (P. nudum and H. squarrosa) and P. aquilinum are excluded (Fig. 7B) . Our data suggest that, much as in vesselless angiosperms and conifers, permeable pit membranes in basal tracheophytes compensate in part for the higher resistance imposed by a tracheid-based vascular system (Pittermann et al., 2005; Hacke et al., 2007) .
CONCLUSION
Despite their ancient origins, it appears that earlyderived vascular plants have xylem that is adaptive with respect to both hydraulic function and cavitation resistance (Watkins et al., 2010; Pittermann et al., 2011 Pittermann et al., , 2013 . Indeed, pit area is an identified trait that influences air seeding in both seedless vascular plants and angiosperms, suggesting that selection acted on homogenous pit membranes in a largely convergent manner. In the primary xylem of seedless vascular plants, where many pits span the length of the tracheid, it is not surprising that membrane thickness also varies, as shown in the more vulnerable taxa and the vessel-bearing outlier, P. aquilinum (Fig. 6) . Further sampling of terrestrial and epiphytic taxa, as well as other members of the Lycopodiopsida, from their native habitats may provide a more nuanced perspective, since, contrary to what we observed, one might expect frequent epiphytes, such as P. nudum, S.palustris, and P. bifurcatum, to exhibit greater air-seeding resistance than taxa growing in soil (Watkins et al., 2010) . Species' phylogenetic position may also contribute to the story, since basal taxa such as S. pallescens, H. squarrosa, and P. nudum have the most air seedingresistant conduits among the seedless vascular plants we sampled. Certainly, these species have the least room for error during water deficit, since their small amount of xylem is contained in a single, central bundle (protostele) with none of the vascular redundancy found in more derived taxa (Pittermann et al., 2011 (Pittermann et al., , 2013 Brodersen et al., 2012) . Lastly, pit area resistance in seedless vascular plants is variable but on par with the range of values published in previous studies and in vesselless angiosperms (Schulte et al., 1987; Wheeler et al., 2005; Hacke et al., 2007) . Low wall resistance combined with largediameter, tightly packed tracheids serves to improve hydraulic efficiency in seedless vascular plants, despite their meager amounts of primary xylem (Pittermann et al., 2013) , while the considerable air-seeding resistance of their conduits may protect the xylem from hydraulic failure (Watkins et al., 2010; Pittermann et al., 2011; Brodersen et al., 2012) . Despite the narrow range of water potentials under which most ferns operate (McAdam and Brodribb, 2013) , we suspect that numerous, though perhaps subtle, permutations of physiological and life history traits have contributed to the diversity of seedless vascular plants and may help explain their persistence over time and space.
MATERIALS AND METHODS

Plant Material and Collection
For this study, we chose 10 fern species and two species of lycophytes representing a broad range in morphology, phylogeny, ontogeny, and habitat preference (Table I) .
Transmission Electron Microscopy
Fresh material was collected from the University of California Santa Cruz campus or greenhouse collection, wrapped in wet tissue, put in zip-seal bags, and express shipped to Ulm University. Small segments of 1 mm 3 of vascular tissue were prepared using a stereomicroscope. After washing in 0.2 M phosphate buffer at pH 7.3, the specimens were postfixed in 2% (w/v) buffered osmium tetroxide for 1 to 2 h at room temperature, washed again, and dehydrated through a graded ethanol series (30%, 50%, and 70%), followed by 90% propanol. Afterward, the specimens were stained with 118 mM uranyl acetate dissolved in ethanol for at least 30 min at 37°C and then rinsed three times with 100% propanol. The propanol was replaced by propylene oxide, which was gradually replaced with Epon resin (Sigma-Aldrich) using a 2:1 solution for 15 min, 30 min at 1:1, 1 h at 1:2, and overnight in 100% Epon at room temperature. The Epon resin was then replaced once again and polymerized at 60°C for 48 h. Embedded samples were trimmed with a razor blade and sectioned with an ultramicrotome (Ultracut; Reichert-Jung). Transverse sections of 1 to 2 mm thick were cut with a glass knife, heat fixed to glass slides, stained with 0.5% (w/v) Toluidine Blue O in 0.1 M phosphate buffer, and mounted in DPX, which is a mixture of distyrene, dibutylphthalate and xylene (Agar Scientific). Resinembedded material was prepared for transmission electron microscopy by cutting transverse, ultrathin sections between 60 and 90 nm using a diamond knife. The sections were attached to 300-mesh hexagonal copper grids (Agar Scientific) and stained manually with lead citrate for 1 min. Observations were carried out on transverse sections using a JEOL 1400 transmission electron micrograph at 80 kV accelerating voltage.
Conduit Macerations
Stipe or stem segments were cut from field-or greenhouse-grown plants collected from the University of California Santa Cruz campus and returned to the laboratory. Plant tissue surrounding the vascular bundles was carefully removed, and the bundles were placed into glass vials with a 1:1 mixture of 80% glacial acetic acid and 30% hydrogen peroxide per Mauseth and Fujii (1994) and maintained at 90°C for up to 7 d. Once the vascular bundles had cleared, they were rinsed in deionized water, and the tracheids were separated, mounted on glass slides, and photographed under 203 to 403 using a compound microscope and digital camera (BA 400; Motic). Conduit length, pit aperture, pit height, pit width, and functional xylem area were measured using ImageJ software (http://imagej.nih.gov/ij/).
ASP
To determine the pressure required to push air across pit membranes between adjacent individual conduits (ASP), we followed the methods of Choat et al. (2005) , where the positive pressure applied to the conduit is equal to but the opposite sign of the tension necessary to pull air from a neighboring air-filled conduit into a functional one. Stipe segments were collected from field-or greenhouse-grown plants on the University of California Santa Cruz campus. Segments were trimmed underwater to 6 cm for most species, but it was necessary to use longer segments (up to 15 cm) for P. aquilinum and D. arguta in order to locate conduits that did not span the entire length of the segment without an end wall or that were unusually vulnerable to air seeding. Segments were then secured in a multipoint articulating vise (no. 209; Panavise), and the cut transverse surface was viewed with a dissecting microscope. A digital photograph was then taken of the transverse surface, and a conduit was selected for capillary tube insertion. Next, a glass microcapillary tube pulled to a tip diameter of approximately 15 mm was inserted by hand into a single conduit. The microcapillary tube was then sealed in place using a cyanoacrylic glue (Loctite no. 409; Henkel) and hardening accelerant (Loctite no. 7452). The microcapillary tube was then mounted in a modified capillary tube holder (Stoelting) attached to a 1-m length of PEEK tubing with its terminus located in a Scholander-style pressure chamber (PMS Instruments). The capillary holder was mounted on a ring stand such that the distal end of the segment was below the surface of the water in a 500-mL Pyrex beaker. Low pressure was then applied to the conduit (less than 0.05 MPa). If air bubbles were visibly exiting the distal end of the stem, it was determined that the conduit spanned the entire length of the segment and the segment was discarded. Next, the pressure was increased at a rate of 0.5 MPa min 21 until air bubbles were observed exiting the distal end of the segment. The positive pressure at this point was recorded as the ASP. Airseeding measurements were made for 10 different segments for each species. Following successful ASP measurement, the digital image of the transverse face was used to measure the diameter of the conduit. In this way, we were able to analyze the relationship between ASP and conduit diameter.
To determine whether the air-seeding measurements were influenced by sample length, we selected three species (A. capillus-veneris, P. aureum, and W. fimbriata) for independent study. For each species, stipes were cut to create five segments for each of the following length categories: 1, 2, 4, 6, and 10 cm. The air-seeding threshold was then determined for each of those segments.
Calculation of Area-Specific r pit
We estimated r pit according to the methods of Wheeler et al. (2005) , who based their approach in part on Schulte and Gibson (1988) . Usefully, Wheeler et al. (2005) computed r pit for P. aquilinum, while Schulte et al. (1987) achieved this for P. nudum.
To first determine xylem-specific conductivity (K C ), six fronds from each species were cut from the field or greenhouse, recut underwater in the laboratory, and then degassed overnight under house vacuum in 20 mM KCl solution to remove any native embolism. Stipe segments were then cut to 14.5 cm in length for A. capillus-veneris, A. filix-femina, D. antarctica, D. arguta, P. aureum, P. aquilinum, P. bifurcatum, and W. fimbriata. Segments of H. squarrosa, P. nudum, and S. palustris were cut to a length of 6 cm to exclude any nodes in the segments. Maximum hydraulic conductivity (K max ) was measured following the methods of Hacke et al. (2000) and calculated as a function of the flow rate through the section at a given pressure. Segments were mounted in a tubing apparatus to direct the flow of a 20 mM KCl solution through the xylem at a pressure of 6 to 8 kPa to measure K max after degassing. The flow rate through the sections without a pressure head was measured before and after each gravimetric measurement to control for equilibrium drift in the system. These background measurements were averaged and subtracted from the pressure-induced flow rates. Thin, handmade cross sections of the stipes were photographed, and the xylem area was measured using ImageJ software. K max was then divided by the xylem area to yield K C .
The calculation of r pit first assumes that conduit resistivity (R C ; m 24 MPa s; R C = 1/K C ) is the sum of the mean lumen resistivity (R L ; m 24 MPa s) and the mean end wall resistivity (R W ; m 24 MPa s), such that:
R L was estimated from conduit diameter measurements from all the conduits observed within a cross section of the frond stipe. All anatomical data were collected on fronds on which R C was determined. Transverse hand sections were stained with phloroglucinol (Sigma-Aldrich), mounted on a glass slide with glycerin, and photographed. We computed the equivalent circle diameter for all measured conduits because conduit shapes were irregular. The HagenPoiseuille conductivities of each conduit were summed to obtain the total lumen area-specific conductivity, the inverse of which was then expressed as the xylem area-specific R L . R L was then multiplied by the conduit density (no. of conduits/ m 2 ) to obtain the R L of the average conduit. Ultimately, the average R W was computed as R C minus R L .
In angiosperms, the end wall resistance (r w ; m 23 MPa s) is calculated by multiplying R W by L' (m), which is the length between conduit end walls . Across all species, L' was determined by multiplying the average conduit length, L, by 0.5 per Wheeler et al. (2005) . L was determined on entire conduits separated according to the maceration procedure of Mauseth and Fujii (1994) as described above. Pittermann et al. (2011) estimated mean conduit length in P. aquilinum using silicon injections, so we used their data since the fronds were of similar size and collected at the same location. Conduits were photographed in their entirety, and the L was measured using ImageJ software. Area-specific r pit (MPa s m 21 ) was then estimated as:
where A p (m 2 ) is the average pit membrane area. A p was estimated by directly measuring the pit membrane area of the conduits on which L was determined. Conduit-to-conduit contact is highly variable in ferns, so we assumed that two conduit walls were pitted, as in the vessels and tracheids of woody plants Hacke et al., 2006) .
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